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ABSTRACT 
Several methods for preparation of molybdenum disulfide 
were examined. Alkali doped Mos 2 catalysts were prepared 
and their catalytic properties in Fischer-Tropsch process 
of converting coal-derived synthesis gas into alcohol 
fuels were investigated and the results compared to those 
of other researchers. 
Characterization studies on 5.3 Wt% CsOOCH MoS 2 were 
carried out utilizing the Dupont and Physical Electronics 
x-ray photoelectron spectrometers. The binding energies 
~ of Cs 3d312 and 3d512 spectral lines corresponded to Cs 
with the oxidation state of +1. Molybdenum was found 
present as Mo (IV), and there was no evidence for Mo (VI) 
on the surface of the catalyst. Although molybdenum 
oxidation (presence of Mo (VI)) was not detected, sulfur 
oxidation after contact with air during catalyst handling 
became apparent; however, the exact nature of the sulfur 
oxides is still unknown. Preparation of the Cs-doped MoS 2 
in the absence of atmospheric oxygen showed lesser evidence 
of sulfur oxidation. However, the catalyst prepared this 
way and in the nor1nal way without exclusion of oxygen 
showed equal catalytic effectiveness. 
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I. INTRODUCTION 
Methanol along with other low molecular weight 
alcohols is used in many industrial processes as a 
starting material for the production of other compounds, 
notably formaldehyde, and as a freezing point suppressing 
agent for gasoline lines and window washing liquids, as 
well as many other purposes. An important industrial 
process is the synthesis of methanol by catalytic 
hydrogenation of carbon monoxide. The reaction is carried 
out by passing a mixture of CO and hydrogen over a catalyst: 
CO+ 2H2 ----> CH30H 
This reaction appears to be rather simple, however, 
mechanistic details involved have not been fully elucidated. 
Of similar importance is the Fischer-Tropsch process for 
converting synthesis gas to liquid fuels and base chemicals. 
The relatively slow development in the fundamental 
understanding of this reaction is perhaps a result of its 
high pressure requirement. High pressure is used to enhance 
the thermodynamically limited yield - up to 200 atm pressure 
has sometimes been used. It is apparent that an active low-
temperature catalyst is highly desirable because the yield 
would not then be limited by thermodynamic equilibrium and 
the requirement of excessive high pressure could be reduced 
to 60-90 atm. 2 
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Several generations of catalysts for the co - H2 
reaction have been developed. R. B. Anderson et al. [l], 
list a number of these containing zinc, copper, chromium, 
manganese, thorium, iron (occasionally promoted with alkali 
or other materials) for making various alcohols. However, 
the author states that ethanol is the major constituent and 
that the yield of methanol is very small. Furthermore, for 
production of alcohols, high pressures and carbon monoxide-
rich synthesis gas are required. In addition to high pressure 
requirements, these catalysts have another draw back they 
are very sensitive to sulfur poisoning. Thus the feed stream 
of reactants have to be thoroughly desulfurized. Therefore, 
the need for a sulfur-resistant, low pressure catalyst 
becomes apparent. 
In recent years considerable interest has been shown in 
sulfur-containing compounds of molybdenum. Major interest 
has centered on the use of molybdenum-containing catalysts 
in the hydrodesulfurization of petroleum, Fischer-Tropsch 
process, and in the use of molybdenum disulfide as a lubricant. 
There are several Mo-s compounds known; however, MoS 2 seems 
to be the most effective for co-H2 catalysis. It occurs I 
naturally as the mineral molybdenite. The mineral exist • 
predominantly in a hexagonal crystallographic form in addition 
to a rhombohedral form which can be obtained syn.thetically. · 
3 ~ 
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A. Preparation 
Several methods for preparing MoS 2 have been reported 
in the literature [2,3,4,5,6,7,8]. Hexagonal molybdenum 
disulfide can be prepared directly from the elements by 
heating or by thermal decomposition of ammonium 
tetrathiomolybdate,(NH4) 2MoS4 or molybdenum trisulfide. 
Seshadri and Massoth reported ·that bulk molybdenum trioxide 
reacts with H2S/H2 mixture at 300-500 •c to yield a mixture 
of Moo2 and Mos 2 ; further sulfiding results in the slow 
~ 
conversion of Moo2 and MoS 2 [2]. Samples of Mos2 prepared 
by these methods require annealing at 1100 °C to obtain well 
crystallized hexagonal Mos 2 with sharp x-ray powder lines [3]. 
For instance, in the preparation of molybdenum disulfide 
by the thermal decomposition of Mos 3, molybdenum trisulfide 
loses sulfur when heated above 250 °C, but the products remain 
amorphous up to approximately 350 ~c. At 400 °C crystallinity 
begins - weak and broadened peaks are observed in the x-ray 
diagram. Only prolonged heating at 1100 °C results in 
hexagonal molybdenum disulfide having crystallinity compared 
to that of natural molybdenite. Figure 1. illustrates the 
x-ray pattern of the products obtained by thermal 
decomposition of Mos 3 at various temperatures and figure 2. 
is the summary of a proposed model which describes the 
thermal decomposition of MoS3 and (NH4 ) 2MoS4 (5]. 
4 
/ 
/ 
' -· - - . '· . 
. ., 
I . 
400°C 
500°G 
650°C 
800°C 
1000°c 
.... - qbq.d 
hex. MOS2 
00~ 1f0 
106 
1 i,. 
00.12 --' 
113 rh. MoS2 
110 
10.10 108 
105 
107 
006 
104 
009 
103 
105 704 
.. e 
.. 
100 
102 101 
004 
101 
102 
"-
"'-
Fig. 1. Diffractograms of_the~products obtained by thermal 
decomposition of Mos 3 at various temperatures. Indexed diffractograms of hexagonal and rhombohedral MoS 2 are added for comparison. 
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Fragment of a layer of MoS2 
The metal atoms are indicated by small 
shaded circles, the sulfur atoms by open 
circles. The atoms drawn \Vitl1 double 
circles lie in one ( 110) plane 
( 
Completely random orientation of tl1e 
one-layer-crystallites; powd~r pattern shows 
Stacking of the layers in random 
orientations about the c-axis; (hkO) and 
(001) bands (hkO) bands only , 
., 
Hexagonal MeS2 witl1 
stacking faults; sharp lines 
for h -k = 3 n, lines broadened 
ifh-k~3n 
Hexagonal MoS2; 
Adjacent layers in anti-
parallel orientation; 
sl1arp powder lines 
Rhombohedral 
MoS2; all layers in parallel 
orientation; sharp powder 
lines 
Fig. 2. A model for the crystallization of Mo5i 
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During thermal decomposition of MoS 3 or (NH4) 2Mos4, 
gaseous sulfur, hydrogen sulfide and ammonia is liberated; 
hence the products resulting at 400 °Care very porous. 
Crystallization begins gradually above this temperature. 
Further heating results in loss of additional sulfur and 
further orientation; complete crystallinity is finally 
obtained at 1100 °C. All of these methods of preparation 
result in the formation of the hexagonal form only. 
According to Ratnasamy et al., hydrogen reduction of 
molybdenum trisulfide yields either form of Mos 2 , the 
rhombohedral modification forming only at a reduction 
temperatures about 800 °C [9,10]. 
B. Catalytic Properties 
Different interpretations of the catalytic action of 
Mos 2 are found in the scientific literature. catalytic 
activity of Mos 2 depends on the origin of the material - for 
example, the properties of the sulfide made synthetically 
depends on the preparation method. For Mos 2 prepared by MoS 3 
reduction, the duration and temperature of reduction, 
rates of heating and cooling, nature and flow of gas 
medium are important factors. ·Furthermore, the activity 
of molybdenum disulfide can be enhanced markedly by various 
promoters. Transition metals, such as Ni and Co along 
7 
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with alkali metals are used most frequently. The activity 
. 
increases with the increase of promoter concentration 
until a maximum is attained. Usually, bell-shaped curves 
are observed when catalytic activity of the promoted 
sulfide is correlated with the amount of promoters, 
suggesting that there is always an optimal ratio of 
promoters to sulfides. The optimum is believed to depend 
on several factors, most importantly the origin of the 
sulfides, the method of promoter addition (mechanical 
mixture, co-precipitation, impregnation), the type of 
model reactions used t~ test catalysts, and the way of 
expressing catalytic activity. Some assumptions relate 
the rate of the reaction to the surface modifications 
resulting from the addition of promoting metals. Wise et. 
al. concluded that the activity of unpromoted and co-promoted 
Mos2 depends on electronic properties of the surface and 
expressed the activity as the reaction rate per unit of 
surface area [11,12]. 
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II. Problem S·tatement 
... 
Our objective were as follows: 
1. To prepare undoped catalyst by calcination of 
percipitated (NH4) 2Mos 2 to yield Mos2 . 
2. To promote the catalysts with various alkali metal 
salts in order to optimize the activity for high yields of 
fuel alcohols. 
3. To perform characterization studies using the Dupont and 
the Physical Electronics ESCA instruments to (a) determine 
the chemical state of the alkali dopants and ion distribution 
characteristics and (b) to identify the state and role of 
molybdenum in the catalyst by monitoring the oxidation state 
of Mo on the surface. ,For characterization studies 
particular attention wa~,, paid to data obtained from the 
Dupont ESCA, since this instrument is equipped with a unique 
analyzer that produces better signal/noise ratio than the 
more widely-used Physical Electronics XPS. 
A. Preparation and Promotion 
Several generations of molybdenum disulfide, unpromoted 
and.promoted (using various metal salts, i.e. potassium 
carbonates and cesium formates) have been prepared [13]. The 
general procedure is shown in figure 3; where the impregnation 
9 
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of the prepared Mos 2 with alkali metal hydroxides or salts 
is carried out using aqueous solutions or organic solvents. 
For example K2co3; MoS 2 was prepared by the addition of 
100 ml concentrated acetic acid diluted with 300 ml H2o to 
106 ml of 22% aqueous (NH4) 2s solution containing 15 g of 
(NH4) 6Mo7o24 .4H2o at 60 °C. The resultant MoS 3 was then 
filtered and dried at 120 °C followed by calcination (in 
flowing nitrogen) at 450 °c for 2 hours to yield MoS 2 
with a surface area of 63.5 m2/g. The BET surface area 
was obtained by Ar adsorption at -195 °C. A complete 
description of surface area measurements and calculations 
are provided in Appendix A. 
Impregnation of 3.00 g of MoS 2 was carried out by 
0.333g K2co3 dissolved in 100 ml H2o, which was then 
evaporated at 60 °c. This sample was then dried in flowing 
nitrogen at 250 °C for 2 hours. Catalytic testing was 
carried out in a stainless steel flow reactor, and the 
exit gas was analyzed by an on-line Hewlett-Packard gas 
chromatograph [13]. 
T~ble 1 compares Lehigh-prepared Mos2 (poth promoted 
and unpromoted) with preparations by other researchers as 
to preparation conditions, physical properties and 
effectiveness as a catalyst [14,15,16,17]. 
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(NH 4 ) 6 Mo 1 0 24 .'4H 2 0 
• 
I 
Acetic acid solution 
• 
Air d r i e d at . 1 2 0 ° C 
r 
• 
Calcined at 4S0°C in 11owing N 2 
... 
.. 
,. 
.. 
Solution of alkali salt, 
evaporated to "dryness 
, 
ALKALl/MoS 2 
• 
• Fig. 3. Alkali-doped MoS 2 catalyst preparation 
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catalyst 
MoS 2 
MoS 2 
MoS 2 
3%KOH/MoS 2 
4%KOH/MoS 2 
10% K2coa/ MoS 2+ Cly 
17. 4% KOH/ 
MoS 2 
5.3% 
CsOOCH/ 
MoS 2 
41.8% 
CsOOC2H3/ MoS 2 
26.9% 
KOOC 2H3/ 
MoS 2 .... 
Source surface Area 
m2/g 
McMaster 23.5 
Univ. 
Lehigh 63.0 
Univ. 
N.Y. State 63.9 
Univ. 
Exxon 
Dow 
Chemical 
Lehigh 
Univ. 
Dow 
Chemical 
Union 
Carbide 
Lehigh 
Univ. 
Union 
Cardide 
Union 
Carbide 
2.2 
27 
60 
---
---
---
--- . 
---
: '/ --- ... ·.-.{~~~;,·,1' -t·t ~.~---'!'."',-":,· -. rf' .• ' i .,. ·- ~· 
Synthesis : -,-Gas Conditions Proaucts 
Temp. 
·c 
350 
255 
450 
c4H4 S 
350 
262 
255 
255 
300 
255 
300 
300 
Pressure H2 /CO % Yield 
MPa 
0.1 3 ( J. 97% CH4 
8.3 0.92 55% CH4 
43.6% c 2+ HC 
0.8% CH 30H 
0.1 Hydrodesulfurization 
(thiophen)+ 4H2--> c4H10+ H2S 
2.05 1.97 
8.21 
8.3 0.92 
10.45 1.02 
+ H2S 
2.75 1.00 
8.3 0.92 
2.76 1.00 
2.76 1.00 
42.5% CH30H 
32.7% c2H50H 
10.6% CH4 
57.7% CH 30H 
17.4% C2H50H 
17.1% CH4 
53.2% CH30H 
24.9% c 2H50H 
12.6% CH4 
35.5% CH30H 
36.6% c 2H50H 
19.0% CH4 
52.6% CH30H 
24.1% c 2H50H 
+ c3+ c4 
21.1% CH4+ HC 
47% CH30H 
33% c 2H50H 
+ c3 + c4 
18% CH4+ HC 
39.5% CH30H 
39.9% c 2H50H 
. + c2+ c4 
17.9% CH4+ HC 
\ 
Table I. catalytic activities and principal products 
formed over promoted and unpromoted MoS2 catalysts 
12 
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These findings indicate that hydrocarbons are ·produced· 
over unpromoted Mos2 ; however, promoted catalysts alter 
the selectivity toward alcohols. The distribution of 
products over the potassium-doped catalysts are similar in 
that methanol, ethanol and methane are major products 
(propanols and c3-esters are also produced in small 
quantities). However, even at high temperature, the 
potassium-doped catalyst will still yield hydrocarbon 
[13,15,17]. In the case of the cesium-promoted catalyst, 
this was more active, despite the different anion and 
lower promoter concentration, than the potassium-promoted 
(10% K2 co3 ) Mos 2 • Our finding of enhanced promotion of 
Cs, relative to K, is consistent with the results obtained 
by the researchers at Union Carbide (16]. 
, . , ' 
\ 
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IV. Surface Characterization 
The catalyst composition reported in the scientific 
literature are usually bulk compositions whereas catalytic 
reactions always occur on the surface. The surface 
concentration of promoters in promoted MoS 2 are believed 
to be markedly greater than the bulk concentrations. There 
is always a maximum amount of promoters which can be 
accommodated by the surface of MoS 2 . As proposed by 
Phillips and Fote [18], this amount corresponds to the 
maxima of bell-shaped curves. According to these authors 
decrease of catalytic activity caused by an increase of 
promoters concentrations beyond the maxima is the result 
of promoters blocking active sites. However, exact 
details of the interaction of promoters with the surface 
of MoS 2 are not well understood. Therefore, in our study 
surface characterization techniques by ESCA are valuable 
tools for determining the concentration or presence of alkali 
metals on the surface of the catalysts. 
One of the purposes of this research was to compare 
the Dupont ESCA with the Physical Electronics ESCA. A 
description of the arrangement and operation of the Dupont 
instrument follows. 
14 
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1. Du Pont•s ilectron .fil)ectrometer for ~hemical Analysis 
(ESCA) 
A. X-Ray Source 
Figure 4. illustrates the cross section of the Dupont 
ESCA in which x-ray source and electron analyzer are all 
under a common stainless ·steel bell jar. The x-ray tube 
has an annular (water-cooled) anode surrounding the sample 
that can operate at a positive high voltage of 10 to 15 
KV. However, its usual operating condition is that of 12 KV 
and 0.2 A. The strength of the x-ray source compensates for 
the large sample to detector distance and delivers a strong 
flux of aluminum radiation on a centrally located sample. 
B. J. D. Lee Analyzer 
The Lee Analyzer, figure 5., is of the spherical mirror-
spherical grid retarding potential type. Two spherically 
symmetric retarding field, one in the reflection mode, "low 
pass filter'', and the other in the transmission mode, "high 
pass filter'' are employed in this system. The high 
resolution of this analyzer is obtained via a small energy 
. 
overlap between the low pass and the high pass filters. 
' b.l Low Pass Filter 
The low pass filter consists of a spherical grid P' and 
15 
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a solid aluminum element P, the ''mirror''. Mirror P is 
covered with a coat of carbon to absorb a fraction of 
undesired electrons. Electrons with sufficient energy to 
overcome the retarding field of the reflection filter impinge 
on spherical element P and are either scattered or absorbed. 
The scattered electrons impinge upon the plate C and are 
lost. The desired fraction of the electron beam returning 
from the low pass filter is aligned by the quadruple lens 
and is transmitted through the exit aperture (on C) to the 
high pass filter. Photoelectrons ejected from the sample 
x-rays are slowed down by the retarding field to match the 
analyzer energy, E0• Then the retarding field is scanned 
to produce a spectrum by means of potential v3 applied to 
the body of the analyzer. 
' I 
b.2 High Pass Filter 
The high pass filter consists of spherical grids Q 
and. Q' and a potential v5 between them. The cut-off 
characteristics depends on the the radius r 0 of the entrance 
aperture and the radius R of grid Q'. The electrons 
emerging from the spherical grid Qare collected by a 
short cylinder E in order to be detected by a spiraltron 
multiplier. A grid F with a positive potential v6 axially 
accelerates the electrons from the spherical grid Q toward 
16 
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the cylinder E. Grid F plays an important role toward the 
detection of the electrons. Without the spherical grid, 
electrons that emerged tangentially cannot be detected by 
the spiraltron; hence, the efficiency of the detector is 
lowered drastically. 
Besides the low energy pass filter and the high 
energy pass filter, this analyzer has another section, 
namely the "prefilter" area. The importance of this 
part lies in the signal to the noise ratio of the 
• 
instrument. Electrons with energies 10 to 20 eV higher 
than E0 must be filtered before reaching the entrance 
aperture and the low pass filter, since these electrons 
are capable of generating secondary electrons at element P 
and therefore would produce of a high spectral background. 
b.3 Prefilter 
The prefilter as indicated in figure 6 is a parallel 
plate energy analyzer. A potential v1 applied to a planar 
metallic grid guides. the photoelectrons ejected from the 
sample
1
to the prefilter area. A potential v2 is applied 
to 11 ripeller" and "guard bars" in order to deflect and 
' guide the photoelectrons to the low pass filter. Electrons 
• 
with high energies will impinge on the repeller or guard bars 
and are therefore absorbed and lost from the beam. 
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c. Sensitivity vs Resolution 
The value of an instrument for electron spectroscopy 
depends on two factors. The first is resolution which is 
generally satisfactory as long as the instrument line width 
is smaller than the natural line width. The second is 
sensitivity which depends on signal strength and signal-to-
noise background ratio. 
High signal strength is achieved by high sample 
brightness and large lumino~ity. Brightness Bis defined by 
the magnitude of the flux of the exciting radiation on the 
sample surface while luminosity Lis defined by the following 
equations: 
A= area of entrance aperture 
0= solid angle of the electron 
f = transmittance (output/input 
beam entering the spectrometer 
ratio) 
!.;,>-
Bo= apparent brightness of the source at the entrance 
aperture 
E = energy of the electrons entering the analyzer, a fixed 0 value 
E = energy of the electrons leaving the sample 
The electron current collected by the counter is 
i = LB0 . For high sensitivity, Land B0 should be as large 
as possible at any given resolution. Sensitivity and 
. 
resolution are inversely related because achievement of 
1, 
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higher resolution involves the application of stronger 
retarding fields, a reduction in ''apparent brightness" and 
therefore a reduction in sensitivity. 
The theoretical width (FWHM) of the instrument 
response function, in the absence of electron scattering, 
is given by [19] 
A 2 2 ~ E = E0 r 0 /R 
r 0= radius of the entrance_aperture 
R = radius of grid Q' 
The width of an ESCA spectrometer response function (in 
addition to analyzer width) contains the natural width of 
the characteristic x-rays which is approximately 0.8 eV 
for Mg K radiation. The 1s112 spectral peak of gaseous 
sample (e.g. neon) accurately represents the combined 
width of the instrument's response function. The gold 4f512 
and 4f712 doublet is often used as a standard of sensitivity 
and resolution for ESCA instruments. With an analyzer energy 
· E0 of 85 ev, the gold doublet has an observed width of 1.2 eV 
FWHM and a peak count rate of 50,000 s-~ 
The Dupont ESCA has several advantages over commercially 
. 
available instruments. Speed due to the pneumatic piston 
mechanism, ease of operation and flexibility for modification 
22 
' 
•-.,.... r·eo, , , . , , .. .. . -~ . 
• 
• 
are examples of its merits.} However, the most important 
benefit is the sample chamber ct the instrument which 
(according to Dupont publications) can be utilized as a 
reaction chamber [20,21]. 
2. Effect of Cs Content on Mo~ Catalytic Performance 
In the reports submit~ed to the Department of Energy, 
the effect of Cs catalyst loading on the rate and selectivity 
for alcohol synthesis was studied [13,22]. The results 
showed that in general higher Cs loading on the catalyst 
leads to higher selectivity for alcohols. In figure 7, the 
total product yield, alcohol+ hydrocarbons, is plotted 
. 
against CsOOCH loading on MoS 2 catalyst. It can be seen that 
the position of the maximum in the yield of total alcohols is 
shifted toward higher Cs loading as the reduction temperature 
is increased. According to the model proposed by Klier et. 
al. [22], at high temperatures Cs tends to cluster leaving 
more Mos2 surface uncovered and exposed to hydrocarbon 
production, thus decreasing selectivity to alcohols. As 
more Cs is added to the catalyst, more molybdenum.disulfide 
area is covered with Cs, so the clustering of Cs would have 
less effect. However, verification of this explanation can 
only be obtained after in situ characterization studies of 
the catalyst at different stages of testing. 
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3. Reduction of CUO 
In order to employ the sample chamber as a miniature 
reactor, certain experimental parameters and their 
relationship to the theoretical values should be established. 
For this purpose, a simple reduction reaction was chosen. 
Our objective was to determine whether a complete reduction 
of cuo to Cu metal (zero valence) can be experimentally 
achieved inside the Dupont ESCA sample chamber based on 
theoretical reduction time value. • Our primary concern was 
the effect of parameters such as dead volume of the chamber 
and flow rate of the reduction gas on the theoretical 
reduction time. The success of this experiment would enable 
us to utilize the sample chamber as a miniature reactor for 
in situ studies on Cs-doped molybdenum disulfide catalyst 
and thus monitor Cs concentration on the surface as a 
function of temperature. 
A. Modifications of Sample Chamber 
In order to utilize the sample chamber for our purpose, 
certain modifications were required. These are: 
1. A means of_.isolating the reaction chamber from the 
forelines leading to mercury diffusion and mechanical 
pumps. 
25 
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2. Assembling a thermocouple for reading and 
monitoring the temperature inside the reaction chamber. 
3. A means of introducing 2% H2/98% N2 and monitoring 
the flow rate of the reduction gas. 
4. A means of heating the sample, cuo, up to 250 °C. 
The heating process should be carried out in a fashion that 
only the sample area itself be effected by the high 
temperature. Otherwise, the high temperature would destroy 
the a-rings used in the system. 
5. In this experiment, the reduction gas was introduced 
at a flow rate of 60 ml/min and pressure of 1 atm (760 
\~ torr). On the other hand, the Dupont ESCA sample chamber 
is designed for a vacuum system (maximum pressure of 10 
torr). Thus it was necessary to modify the instrument's 
sample chamber door to keep it closed after administering 
pressure of 760 torr. 
~ 
For the first modification, a butterfly valve was 
assembled in the foreline going from the sample chamber to 
the mercury diffusion pump. Thus by closing the butterfly 
valve, the sample chamber was isolated from the other 
forelines. This modification was necessary so that any 
harmful vo~atile gases produced during the course of the 
26 
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the reaction were not able to enter the mercury diffusion 
and mechanical pumps. 
An iron-constantine thermocouple (K theriuocouple) was 
assembled on the side of the sample chamber. This 
thermocouple was then attached to an Omega reading unit 
(also K) for accurate reading and monitoring the reaction 
temperature. The Dupont ESCA itself is equipped with an 
iron-constantine thermocouple which can be directly 
attached to the sample holder of the instrument. In this 
experiment, the thermocouple was attached to a Teall 
proportional controller for maintaining the desired 
temperature. 
Introduction of the reduction gas was accomplished by 
assembling a micro-switch controlling copper tubing feed 
lines. A flow meter was then attached to the outlet of 
the sample chamber for flow rate measurement. 
Heating was accomplished by an IR lamp which was 
directly attached to the sample chamber door. This 
heating device was focused on sample and sample holder 
area. Flowing nitrogen gas was administered to cool the 
body of the lamp. 
, For a proper reduction, the sample chamber was 
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sandwiched between two aluminum blocks and tightened via 
special vacuum nuts and bolts in order to keep the 
atmosphere (particularly oxygen) from interfering by 
oxidizing the sample. 
B. Experimental 
cuo was mechanically pressed into a 12 mm disc in 
order to fit the instrument's sample holder. The theoretical 
reduction was calculated based on the amount of hydrogen 
. 
needed to reduce the cuo. A flow of 2% H2 /98% N2 at 
60 ml/min was used. The temperature was taken up to 250 °C 
at the rate of 2°/min. Timing of ·the reduction was started 
and stopped when the temperature reached 210 °C, but a 
temperature of 250 °C was maintained through out the majority 
of the reduction time. For reducing 0.28 grams of cuo, the 
reactor temperature was returned to 210 °C 1 hour and 12 
minutes after 210 °c was initially reached. 
• 
• 
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c. Calculation 
Flow rate: 60 ml/min However, only 2% H2 was used; 
therefore: 60 ml/min* .02 = 1.2 ml/min 
Conversion to 1/hr: 1.2 ml/min-----> .072 1/hr 
Using perfect gas law, can find mole H2 / hr 
PV=nRT 
( 1 atm) (.072 1/hr) = n (.08206 1 atm / K mole) (298 K) 
n = 2.944 * 10-3 
0.28 g of cuo / 79.53 g mole-1 -
-
3.521 * 103 
/ hr 
-1 
mole cuo 
3.521 * 10 - 3 mole·cuo 
-------------------------2.944 * 103 mole H2 hr
1 = 1.195 hr (1 hr. and 12 min.) 
The turbo molecular pump (along with a mechanical pump) 
produce a vacuum of 10-7 Torr during the experiment. All 
spectra presented here were obtained with the AlK~ 
radiation (1486.6). The instrumental resolution for gold 
4£712 was 1.2 ev and its binding energy was measured to be 
83.8 eV under the experimental conditions in this 
experiment. A detailed description of the calibration 
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procedure is given by G. Schon [23]. 
D. Results 
Figures 8 and 9 illustrate the Cu 2p electron spectra 
of cuo before and after the reduction. The spectra 
obtained spectra in fig. 9 (after the reduction of CuO) 
correspond to the electron spectrum of metallic Cu at room 
temperature, 25 °c. cuo can be distinguished from 
metallic cu primarily by the chemical shift observed in Cu 
2p lines and secondarily by the satellite peaks present in 
the spectrum of cuo. These satellites are approximately 9 
ev apart from the main cu 2p peaks, cu 2p112 and 2p312 , 
and are not present in the spectrum of (clean) metallic 
copper. The satellite peaks have been reported by 
Novakov, Prins, Castle, and Schon, fig. 10 [24,25,26,27]. 
Novakov has explained the satellites as a result of 
multiple excitation. When a core electron leaves the atom 
a valence electron may be simultaneously excited to the 
conduction band; this process is also called a ''shake up". 
In this case, complete reduction of cuo to cu (within 
instrument detection sensitivity) has occurred. 
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4. Disadvantages of the Dupont ESCA 
The Dupont ESCA despite its advantages (speed, ease 
of operation, superior S/N ratio) has several important 
disadvantages. These are: a. restriction of best vacuum 
to l0-7torr, b. non-linearity, c. inadequate 
reproducibility. 
Although this instrument is equipped with a turbo 
molecular pump, its optimum vacuum is only on the order of 
2*10-7 torr. This prohibits single crystal studies which 
require pressures on the order of 10*10-lO torr. The large 
analyzer bell jar along with constant outgassing of its 
a-rings are the main cause of the poor vacuum. 
Instrument linearity and reproducibility is now 
- --
discussed. Figures 11-16 illustrate kinetic energies of 
major photoelectron peaks while table II lists the 
experimental binding energies of these elements (obtained 
. 
on the Dupont ESCA) and compares them to their corresponding 
literature values, these samples were chosen for their (1) 
high degree of purity 99.99% (thus eliminating any shifts 
due to surface impurities) and (2) a range of 400-1400 eV, 
which covers the regions of highest non-linearity. 
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Table II. Elemental Photoelectron Kinetic and Binding Energies 
Element Experimental 
Dupont ESCA (eV) 
Literature 
(eV) 
----------------------------------------------------------------
Zn 
Cu 
F (Teflon) 
Ag 
Au 
Pt 
2P1;2 
* 437.09 
** 1049.51 
2P1;2 
* 528.0 
** 958.6 
1 s 
* 460.26 
** 1026.34 
* 547.8 
** 938.8 
* 795.8 
** 691.3 
3d 3/2 
* 1112.1 
** 374.5 
* 1399.7 
** 86.9 
* 1412.0 
** 74.6 
* 1118.2 
** 368.4 
* 1403.5 
** 83.1 
* 1415. 3 -
** 71.3 
* 442.05 
** 1044.55 
2P1;2 
* 534.4 
** 952.2 
** 1021.5 
** 932.4 
1 s 
769.3 31 
** 689.7 
* 1112.7 
** 373.9 
* 1399.2 
** 87.5 
* 1412.3 
** 74.3 
** 367.9 
** 83.8 
4f7/2 
1415.729 
** 70.9 
-------------------------------------------------------------* . . ** . . kinetic energy binding energy 
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In the 1100-1400 av region, the obtained experimental 
values approximately matched the literature values, while 
in other regions a difference up to 6.4 ev (in case of 
copper) was observed. It should be noted that since gold 
4f712 (1402.8 ev kinetic energy, and 83.~ ev binding 
energy) was utilized for calibration purposes, the match 
between the literature and experimental values in this 
region (1100-1400) was expected. However, in spite of our 
hope that experimental and literature values outside the 
1100-1400 ev region would agree, this was not the case. 
This finding of non-linearity raised a question concerning 
reproducibility of the spectra. 
Figure 17 illustrates the gold spectra obtained in 
three consecutive days under constant conditions (vacuum of 
-7 2*10 , clean surface, constant X-Y plotter parameters). 
A shift up to 0.4 ev was observed between the photoelectron 
spectra obtained on the first as compared to those obtained 
on the third day. This shift was accompanied by the 
decrease in intensity of gold 4f512 and 4f712 lines and 
was most significant on the third day of the experiment. 
The shifts and variable intensities of the major 
photoelectron peaks were observed even in the spectra· 
obtained on the same day. 
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5. Internal reference 
One the objectives of XPS studies was to determine 
the role of molybdenum in alkali/Mos2 catalyst by 
monitoring the valence state of Mo (other than Mo IV, i.e. 
Mo V and VI) on the surface of the catalyst. At this 
point, it was decided to utilize an internal reference, 
i.e. Mo VI from Moo3 , to determine whether or not the 
Dupont ESCA is capable of distinguishing among various 
valence states of Mo. 
In Table III the literature's binding energy values 
of the Mo 3d doublet for Moo3 , MoS 2 , and CoMoo4 (as well as 
values for the o ls, S 2p and C ls lines) are reported [34]. 
All binding energies are referenced to the Au 4f712 line 
of gold at 83.8 ev. The fwhm (full width half maximum) of 
each peak is given in parentheses. 
.... 
The values in Table III disagree with those reported 
by Cimino and De Angelis (35]. These workers reported 
Mo 3d512values for Moo3 and CoMoo4 of 231.6 and 231.4, 
respectively. However, they assigned c ls line a value of 
283.8 ev for calibration purposes. Grim an~ Matinzo [36] used 
the gold deposition technique and report Mo 3d512 values of 
231.7 and 228.1 for Moo3 and Mos2 . Since they used 83.0 eV 
I 
. I 
44 
., . '~~, ~··· ·-: . ' . ···~··. ~.-- .. 
' 
as a reference value of the Au 4£712 line, their values 
exactly coincide with the values reported in Table III 
when correction for the difference reference values is made. 
Table III. Literature Photoelectron Binding Energies - EV 
• Mo Species 
Sample Mo 3d 
3/2 
Mo 3d 
5/2 
O ls C ls S 2p 
----------------------------------------------------------------
Mo03 
CoMoo4 
235.6 
(1.8) 
235.0 
(1.7) 
232.5 
(1.8) 
231.8 
(1.7) 
531.1 
( 2. 0) 
530.7 
(2.4) 
284.3 
( 2. 0) 
238.5 
( 2. 6) 
----
----
MoS 2 232.1 
(1.2) 
228.9 
(1.3) 
---- 284.8 
( 2. 2) 
162.2 
(2.2) 
-----------------------------------------------------------------() = peak half-width 
. " 
6. Observations and Discussion· 
Figures 18-27 illustrate the Mos 2 , Moo3 , and 50/50 
' 
mixture of MoS 2 + Moo3 spectra obtained from the Dupont 
ESCA Table IV reports the kinetic energy (KE) and the 
binding energy (BE) values of the Mo 3d doublet for the 
studied compounds. Where applicable, values for the O ls, 
s 2p lines are also reported. 
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Table IV. Observed Photoelectron Kinetic and Binding 
Energies - EV - Various Mo samples 
Mo 3d3/ 2 Mo 3d5/ 2 o ls S 2p 
-----------------------------------------------------------------
Mo03 
Mo(VI) 
MoS 2 
Mo(IV) 
MoS 2 
+ 
Moo3 , 
* 1253.8 
(1.8) 
** 232.8 
* 1257.3 
(1.8) 
** 229.3 
(VI) 
Mo 3d3/ 2 
* 1254.0 
( 2. 0) 
** 232.6 
* * 1256.9 956.9 -----
(1.7) (1.8) 
** ** 229.7 529.7 ------
* * 1260.6 ----- 1328.5 
(1.3) (3.4) 
** ** 226.0 ----- 158.1 
(IV) (VI)+(IV) 
Mo 3d3/ 2 
+ 
Mo 3d5/ 2 O ls S 2p 
Mo 3d5/ 2 
* 1257.2 
(1.9) 
** 229.4 
* 1261.1 
(1.3) 
** 225.5 
* * 956.6 1321.3 
( 3 .1) 
+ * 
1328.5 
(3.4) 
+ 
(3.4) 
** ** 530.0 165.3 
+ 
** 158.1 
-----------------------------------------------------------------* I I ** b I d I kinetic energy ()=peak half-width in ing energy 
56 
A. Molybdenum Spectra 
According to the literature values in Table III, and 
from the obtained data on figure 25 (50/50 mixture of MoS 2 
+ Mo03), it is clear that Mo VI can be distinguished from 
MO IV. There is approximately 6 eV separation between Mo VI 
3d312 and Mo IV 3d512 spectral lines (even though there 
exist an overlap between Mo VI 3d512 and Mo IV 3d312 ) 
and the Dupont ESCA is capable of making such a distinction. 
However, the obtained binding energy or kinetic energy 
values for Mo 3d312 and 3d512 vary from those of the 
literature. The literature values correspond to higher 
binding energies - up to 4.8-2.9 ev. It is interesting to 
note that for both Moo3 and Mos2 , this difference is of the 
same order (2.8 eV), thus providing a means of calibration 
and correction of the obtained experimental data. 
Unfortunately, the 2.8 eV correction figure can only be 
applied to Mo 3d312 and Mo 3d512 spectral lines and is not 
applicable to s 2p, since the experimental value of 158.1 
eV is 4.1 eV different from 162.2 eV reported by 
Patterson. 
B. Oxygen spectra 
In the oxygen spectrum of the mixture it was noted 
57 
' 
that the o ls peak was broad and anti-symmetric, indicating 
the presence of more than one oxygen species on the surface 
layer. The l~w binding energy oxygen is likely due to 
adsorbed oxygen or another oxygen-containing molecule [26]. 
c. Sulfur Spectra 
A doublet is observed in the sulfur spectrum of MoS 2 , 
i 
figure 20. These two peaks are not of equal intensity; 
however, in the spectrum obtained from the mechanical mixture 
of MoS 2 + Moo3 , they acquire comparable intensities. 
According to B. J. Lindberg et. al., oxidation of sulfur 
compounds cause a shift of peaks to higher binding energies 
[37]. Figure 28 shows how the sulfur lines split into two 
when two sulfur atoms with different oxidation states are 
present in the same molecule. 
From these observations it is believed that in the 
sulfur spectrum of molybdenum disulfide, the higher intensity 
peak is due to s 2p orbital while the higher binding energy 
peak (of lower kinetic energy) might be due to some oxidized 
. 
sulfur on the surface of the catalyst . 
• 
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Fig. 28. ESCA spectra from sulfur and oxygen in some sulfur 
compounds 
59 
., 
... 
• 
T~ble v. Sulfur Binding Energies - Various Species 
Compound S 2p Binding energies (eV) 
------------------
------------------
------------------
-------
RSOR Sulfoxide 164.5 
-
Rso2 Sulfone 165.7-1
66.4 
+sR3 Sulfonium Sulfur 165.8-166.2 
-RS03 Sulfite 167.8-168.8 
so 2- Sulfate 4 
168.0-169.4 
RS02-SR Disulfide 168.1-168.
7 
-so3-SR Disulfide 168
.9 
- Disulfide 168.9 
------------------
------------------
------------------
--------
As was earlier mentioned, the experimental s 2p peak, 
158.1 eV, is 4.1 ev lower than the value obtained by 
,, 
Patterson - 162.2 eV - and does not correspond to any 
other reported {S 2p) figures. Even the 2.8 eV correction 
figure, applicable to molybdenum, does not correct this 
sulfur discrepancy - if applied, there is still 1.3 eV 
difference between the corrected value and true 162.2 
60 
, 
t 
, 
. . . ' 
' / 
reported Mos2 value. Sodium/potassium containing sulfur 
compounds (of the RSNa/K type formula) give 162.2 eV which 
approximately corresponds to the corrected experimental 
value. Therefore, this discrepancy for MoS 2 sulfur may be 
due to the presence of CsSH or other alkali associated 
sulfur species on the surface of the catalyst. 
According to Table V, the second experimental sulfur 
peak, 164.8 ev, fits the category of sulfoxide compounds, 
164.5. However, if corrected to 167.6 via the 2.8 ev 
correction value, this peak could represent the sulfite 
sulfur. In the mechanical mixture, the 164.8 eV peak 
shifted to a higher binding energy value, 165.3 ev, while 
.. 
the first peak, 158.1 ev, remained constant. 
value of 165.3 ev fits several sulfur species 
sulfones, 165.7, and sulfonium sulfur, 165.8. 
The new 
I i.e. 
Correcting 
it yields still another value, 168.1, which represents 
\ ¢ 
. 
' 
disulfide species. At this stage of the investigation, it 
is apparent that the exact nature of the sulfur doublet is 
uncertain. Hence, it is necessary to repeat the 
characterization of the·Mos 2 catalyst without exposure to 
atmospheric oxygen in order to determine the nature of the 
sulfur doublet. If oxidation of sulfur has occured, 
oxidation of Mo(IV) is expected as well; however, surprisingly 
61 
.. 
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.. 
• 
• 
there is no evidence of the presence of Mo(VI) on the 
catalyst surface. (the peak marked at 1253.7 eV kinetic 
energy or 232.9 eV binding energy is the Mo(IV) satellite 
peak). 
7. Molybdenum Disulfide Prepared Without Oxygen Exposure 
A. Experimental 
In a new set of experiments, the Cs-doped MoS 2 (after 
. 
catalytic testing) was directly transferred to designated 
ampules under the nitrogen-filled glove bag, evacuated and 
sealed. This was to minimize exposure of the MoS 2 to 
atmospheric oxygen. For characterization studies, a 
nitrogen-filled glove bag was carefully assembled around 
the Dupont ESCA sample chamber. Freshly-baked zeolites 
were then placed inside ,the bag in order to- absorb the 
moisture present in the assembly. The.sealed ampules were 
then broken inside the dry atmosphere of the glove bag and 
the catalyst was transferred to the instrument's sample 
holder. Figures 29-33 illustrate the obtained 
experimental data while table VI compares the peak kinetic 
energies to the corresponding literature values • 
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Table VI. Observed and literature Photoelectron Kinetic 
and Binding Energies - EV 
Mo 3d3/ 2 Mo 3d S/2 Cs 3d3/ 2 Cs 3d5/ 2 S .2p 
---------------------------
---------------------------
------------
* 284.8 
( 2. 2) 
** 281.8 
(2.2) 
282.6° 
(2.2) 
* 232.1 
(1.2) 
** 229.3 
(1.8) 
229.4° 
(1.8) 
* 228.9 
(1.3) 
** 226.0 
(1.3) 
226.1° 
(1.5) 
----- -----
----- -----
738.8° 724.9° 
* 162.2 
(2.2) 
** 158.1 
(3.4} 
160.0° 
(2.2) 
--------------------------
--------------------------
-------------
* literature. **experimental o2 not excluded 
0 experimental o2 excluded ( ) = peak half-width 
In table VI the obtained data have been converted to 
binding energies while in figures 29-33 the acquired 
values are reported in terms of kinetic energies (since 
the Dupont ESCA plots the electron counts vs. kinetic 
energy). The C ls detected has been deposited carbon 
present on all our catalysts as result of catalytic testing 
conditions and is utilized as an internal reference since 
gold, as noted earlier, is not suitable for calibration 
purposes. 
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B. Results and Discussion 
' 
Figure 31 illustrates the S 2p spectrum of the unexposed 
Cs-doped catalyst. Instead of the previously observed 
doublet at 164.8 and 158.1 ev, a singles line (2p112 , 2p312 ) 
at 160.0 eV (or 1326.6 ev kinetic energy) is obtained. The 
literature value for C ls differs from the experimental data 
by 2.2 ev - applying this as a correction figure to the S 2p 
at 160.0 ev provides agreement with Mos 2 value reported 
earlier by Patterson (162.2 eV). A comparison between the 
two sulfur spectra, figures 20 and 31, suggests that 
oxidation of sulfur does occur on the surface of the air-
exposed catalyst. 
Figure 30 illustrates the Mo 3d312 and 3d512 of the 
unexposed alkali/Mos2 • Once again, Mo(VI) can not be 
• 
detected on the surface. However, in order to discover the 
presence of Mo(V), deconvolution of Mo 3d312 envelope would 
required. This has not been done. 
Although there is no evidence of oxidized sulfur or 
Mo(VI), significant amounts of oxygen, are present on the 
surface of the catalyst (figure 33). FUrthermore, instead of 
a well defined oxygen peak, a broad asymmetric envelope 
(suggesting the presence of various oxygen species) with a 
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distinct peak at 956.6 ev KE (530.0 BE) is observed. The 
peak at 956.6 ev is believed to be hydroxyl oxygen based on 
the corresponding literature value [28]. However, the exact 
nature of other oxygen species is still unknown. 
For the air exposed catalyst, Cs 3d312 and 3d512 peaks 
are not reported in Table VI due to the high background 
present in the spectrum. This background along with the 
low Cs ion concentration (5.3% total weight) prevented the 
formation of well-defined peaks in the Cs spectrum. However, 
in the case of the unexposed catalyst well- defined Cs 
envelopes (after multiple scans) were obtained. Comparison 
of the experimental data to those reported in literature, 
leads to the conclusion that the highest point on these 
envelopes corresponds to +l Cs (rather than O valence 
• 
state) . 
• 
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v. Characterization Studies Employing the Physical Electronics 
XPS (@ Instrument) 
In the major part of this study the Dupont ESCA was 
employed for surface characterization. In this section, 
samples previously run on the Dupont are investigated by 
the Physical Electronics Photoelectron Spectrometer. A 
detailed description of the operation and mechanism of 
this instrument is provided in the Handbook of X-ray 
Photoelectron Spectroscopy by Perkin-Elmer, Physical 
Electronics Division (28]. 
Figures 34-38 are the spectra collected from the 
Physical Electronics instrument. The position of the 
spectral lines, after C ls calibration, fully match the 
tabulated literature values (Table VI). Using either 
instruments, we find no evidence of other states of Mo 
besides that the IV on the surface of the catalyst. This 
finding applies to the catalysts which have not been air 
exposed as well as the exposed alkali-doped Mos 2 • This 
suggests that subjecting the catalyst to atmospheric oxygen 
under normal conditions (i.e. room temperature) does not 
r$sult in formation of oxidized Mo on the surface. 
Although the obtained results from the PE instrument 
matched the literature values, in general better spectral 
quality (signal-to~noise ratio) was achieved from Dupont ESCA. 
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Legend for Figure 34, Survey Scan of Molybdenum Disulfide. 
Numbers give peak identifivations 
• 
l. O (KVV) I 
2. Cs 3d3/ 2 & 
( 
( I I 
' 
3. Cs satellite 
4. Cs (MNN) 
5. + 6. Oxygen satellites 
7. Mo 3p1/ 2 & 
a. s 2s satellite 
9. Mo Jd3/ 2 & 
10. S 2p 
11. + 18. overlap between S 2p satellite peaks and 
Cs 4pl/2 & 4p3/2 • 
12. Peak due to overlap of s 2p satellite with Cs 4p312 
satellite peak. 
13. + 14. Cs 4d satellites. 
15. Mo 4s. 
16. Mo 4p. 
17. Series of peaks observed in CsOH spectrum. 
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Klier et. al. [22] found that air-exposed catalysts 
· were still active under catalytic conditions and that oxygen 
had no poisoning effect on the alkali-do~d molybdenum 
disulfides. This finding is consistent with the results of 
the current study -~exposure to the atmosphere does not 
oxidize Mo (IV) to Mo (VI). Although the presence of Mo VI 
is not detected, there are at least two species of oxygen 
on the surface of the catalyst. The spectral position of 
these two species correspond to molecular oxygen and 
hydroxyl oxygen. Evidence of oxidized sulfur was also 
obtained. 
A. Oxidation state of Cs 
Figure 35 illustrates the Cs 3d312 and 3d512 spectral 
lines. The binding energies of these two peaks correspond to 
Cs with the oxidation state of +l. However, a high 
background once again is associated with Cs 3d312 ~eak. 
This background was previously observed in the Cs spectrum 
obtained from the Dupont ESCA. 
B. Decomposition 
In the results obtained from the Dupont ESCA, the 
, 
intensity of the spectral lines varied in each set of data, 
and especially after long exposure to AlKa radiation. 
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For example, the intensities of the Mo 3d lines decreased 
significantly in the second day of the experiments in 
comparison with the results obtained on the first day • 
This finding raised the question of the stability of the 
catalyst and its possible surface decomposition after long 
term exposure to x-ray radiation. 
Figure 36 is the survey scan of the catalyst after 6 
hours exposure time to Al Ka x-ray radiation, while 
figure 34 is the unexposed catalyst. An overall decrease 
in the intensity of spectral lines was observed. This 
result also verifies the data obtained from the Dupont 
ESCA. The observed reduction in intensity is now believed 
to be due to actual decomposition rather than a Dupont ESCA 
instrument problem. The decrease is most apparent in the 
spectra obtained from the Mo 3d peaks (3d312 and 3d512 ), 
figures 37 and 38. The ratio of Mo 3d312 / 3d512 of 0.6875 
for the unexposed catalyst and of 0.6747 for the exposed 
sample (to Al Ka radiation, 1486.6) is a difference of 
0.013. 
, 
.. 
• 
.. 
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VI. Conclusiora 
It is apparent from the experiments that a successful 
reduction of cuo to Cu metal can be accomplished utilizing 
the Dupont ESCA sample chamber as a miniature reactor. 
However, true catalytic testing is carried out at pressures 
much higher than 1 atm and the sample chamber, even after 
necessary modifications, is not designed for such high 
pressures. As a result, any catalytic testing, reduction 
and in situ studies at pressures tolerated by the sample 
chamber may not necessarily present the true catalytic 
reactor conditions and results. 
The data obtained from the Dupont ESCA -peak positions 
and their shifts based on external references, i.e. gold -
are not reliable for identification of chemical structure 
(chemical states, and valence states). Most common 
functional groups such as carboxylic acids, esters, alcohols 
and aldehydes give rise to shifts that are 1 to 2 eV apart -
and overlap the oxygen ls spectral line. Thus it is 
difficult 
2- 2-0, co3 , 
to distinguish 
+ Cs2S, CsHCOO, 
-
among the functional groups, OH, 
+ - . and Cs(SH) and to determine the 
nature of Cs and oxygen with an instrument that gives rise to 
chemical shifts as large as 6 eV. In order to solve this 
v- problem, internal references as well as external ones should 
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be utilized during the course of each experiment. In this 
work, the c ls peak (from C introduced during catalyst 
testing, was usefully employed as an internal reference for 
Mo, o and Speaks. 
Cs concentration and its distribution with respect to 
temperature on the surface of the catalysts can be 
determined via XPS quantitative analysis. However, the Dupont 
ESCA is not suitable for this type of investigation due to 
variable peak intensities and areas. An averaging of the 
intensities and obtained areas could provide a solution to 
this problem; however, the averaging is best done with a 
micro-processor or a computer directly attached to the 
instrument, and for this purpose digitizing of the Dupont 
ESCA output would be required. 
An essential requirement for catalyst material is its 
resistance to any changes that would lead to catalytically 
inactive structures. Temperature changes, hydrogen, and H2S 
are known to affect MoS 2 stability. According to the 
reviewed literature, composition of the sulfides may change 
drastically when exposed to the air and Mos2 can oxidize to 
Moo3 via then following reaction: 
------> Mo03 + 2 so2 <------
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Sensitivity of the sulfides and molybdenite to oxygen. 
is of great concern because contact with air during catalyst 
handling is impossible to completely avoid, and others have 
found that oxidation is often accompanied by loss of 
catalytic activity. 
In this work, oxidation of the Mo IV to Mo VI (as Mo03 ) 
was expected but not observed on the surface of the Cs-doped 
catalyst. However, sulfur oxidation (particularly in the 
presence of molybdenum trioxide added in the mechanical 
mixture) did occur on the catalyst surface. Most importantly, 
the air-exposed catalysts were as active as the unexposed 
ones. In order to understand the surface chemistry of the 
alkali-doped molybdenium disulfide system, further 
experiments, beyond those already performed., involving 
catalyst characterization need to be carried out. One 
suggestion is that the catalyst surface should be analyzed 
by scanning transmission electron microscopy (STEM). By 
this technique, the morphology of the catalyst including the 
size and distribution of the Cs particles in the Mos2 matrix, 
might be determined. Further characterization of the 
catalyst might be obtained from Mossbauer spectroscopy data. 
This technique could lead to the identification of the 
oxidation state of sulfur and molybdenum (other than Mo IV 
ands II) and provide further insight into the active phase 
of the catalyst. 
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VIII. Appendix A 
A. BET MEASUREMENTS 
,· ! 
The BET measurements in'this study were performed by 
nitrogen adsorption at -195 C. The adsorption 
experiments were conducted in ·a volumetric gas adsorption 
apparatus with the following essential features: 1. 
Vacuum system consisting of mechanical and oil diffusion 
pump. 2. Gas reservoirs, 5000 ml capacity containing 
• 
argon, nitrogen, and helium. 3. An electronic manometer. 
4. Dosing volume section including four independent and 
interconnected Pyrex bulbs, Vl-V4. The smallest volume, 
V4, serves as the dosing volume, vd. 5. Sample holder 
consisted of a Pyrex tube 210 mm in length with a 20 mm 
diameter bulb. The value of sample volume is necessary in 
order to determine the BET surface area. 
In each run, 0.28g of the catalyst was loaded into 
the sample holder and attached to the adsorption 
apparatus. The rig was evacuated over night and the 
catalyst was then heated to 115 °C for 2 hours to remove 
' any adsorbed matter including water. 
Measurements of the isotherm for argon adsorption 
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were simple. The dosing volume Vd and sample volume v6 
were calibrated by gas expansion with helium. The adsorbate 
gas, argon, was introduced into Vd and the dosing pressure 
Pd measured with the manometer. The contents of Pd was 
was then allowed to expand into Vd + v6 until at equilibrium 
pressure Pe was established and measured. The decrease in 
pressure from the ideal gas law value was used to calculate 
the amount of gas adsorbed on the surface of the sample. A 
succession of such expansions produced an isotherm. The 
amount of gas adsorbed was then converted to volume adsorbed 
at STP (22.4 1, 273.16 K, and 760 torr) and the surface area 
was calculated using argon ·cross sectional area of 0.168 nm. 
The saturated vapor pressure PAr of argon was 
measured with a nitrogen gas thermometer. The vapor pressure 
over the condensed nitrogen was measured with a differential 
mercury manometer readable to 1 torr. The condensation 
pressure of argon was determined by a graphical method 
described by Cronan [39]. The specific surface area, 
S.S.A., in m2/g was thus determined by the following 
equations: 
Sample volume, V9 : 
-
(Pd - Pe) 
--------------
-----( p p ) V s * 
88 
. . 
. ' 
. .. 
•. 
) .. 
-.,, ..... 
... ..... : 
Pd= dosing pressure 
Pe= equilibrium pressure 
Pe,= equilibrium pressure at previous increment 
vd = dosing volume, v4 = 16.126 
3 cm. 
' 
P e 
-----------------Va ( PAr- Pe) BET= 
Va= volume of gas adsorbed at equilibrium pressure, Pe 
273 
-------------
-760 T W 
T = room temperature, K W = weight of sample, g 
PAr= saturated vapor pressure of Ar gas at liquid nitrogen 
temp. 
A plot of BET values vs corresponding P / PA results in the e r, 
adsorption isotherm. The extrapolation of the obtained curve 
provided us with the volume of an adsorbed monolayer of gas. 
ti 
. _, 
1 + 
-----------vm c 
Vm = volume of an adsorbed monolayer, cm3 
vm 
1 
-
--------T--------- slope+ intercept 
C = exp [ ( Ea - Ee )/ RT ] 
Ea - heat of monolayer EC = heat of condensation 
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) ( 16.8 * io-20 ) 
S.S.A.= 
Vm ( 6.023 * 1023molecules/mole 
-----------------------------------------------------22400 
16.8 * 10-20 = Area of Ar molecule in m2 
S.S.A. = specific surface area of the sample in m2/g. 
B. Calculation of Yields 
The yields were based on the weight of the product formed 
... 
per hour per weight of catalysts: 
Yield= 
NI MI 
1 1 
-----------
w 
where M,= molecular weight of the ith component, g/mole 
1 
N,= molar flow rate of the ith component, moles/hr 
1 
W = weight of the catalyst used, kg 
Yield= g/kg cat/hr 
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